A unified, flavor symmetric explanation for the tt asymmetry and Wjj excess at CDF 



Ann E. Nelson, 1 Takemichi Okui, 2 and Tuhin S. Roy 1 

department of Physics, University of Washington, Seattle, WA 98195 
2 Department of Physics, Florida State University, Tallahassee, FL 32306 

We present a simple, perturbative, and renormalizable model with a flavor symmetry which can 
explain both the it forward-backward asymmetry and the bump feature present in the dijet mass 
distribution of the W + jj sample in the range 120-160 GeV that was recently reported by the CDF 
collaboration. The flavor symmetry not only ensures the flavor/CP safety of the model, but also 
relates the two anomalies unambiguously. It predicts a comparable forward-backward asymmetry in 
cc. The forward-backward asymmetry in bb is, however, small. A bump in the dijet mass distribution 
in Z + jj sample is also predicted but with a suppressed cross-section. 
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Recently, the CDF collaboration has reported two in- 
teresting anomalies — a large tt forward-backward (FB) 
asymmetry [TJ[2], and a 3.2ct excess in the 120-160 GeV 
range in the dijet mass distribution of the W + jj sam- 
ple [3] (see, however, Ref. [1] for a D0 analysis). The re- 
cent report of the FB asymmetry also confirms the trend 
suggested by the earlier measurements by CDF Ej and 
DO 018]. 

It is a straightforward exercise to fit these two anoma- 
lies by introducing new particles with appropriately cho- 
sen masses and couplings. However, the nature of these 
anomalies suggests that the new physics should couple 
to standard-model (SM) quarks at tree level with an 
O(0.1)-O(l) coupling along with a nontrivial quark fla- 
vor structure. Such a new physics typically faces strong 
constraints from precision flavor and CP constraints, un- 
less the model is equipped with a flavor symmetry. 

In this paper, we present a weakly-coupled, renor- 
malizable field theory with a flavor symmetry to ex- 
plain both anomalies. (For attempts to generate just 
the FB asymmetry preserving the full flavor symmetries, 
see e.g. Refs. [5HT2"].) We introduce just one multiplet of 
scalars with a single coupling to SM quarks dictated by 
the flavor symmetry. The flavor symmetry ensures that 
the only source of flavor and CP violations is Vckm- It 
also relates the sizes of the two anomalies in a definite 
manner, and entails additional predictions. 

The rest of the paper is organized as follows. In Sec, pi} 
we define our model with an emphasis on the flavor sym- 
metry structure, which keeps flavor/CP violations under 
control without tuning or an ad hoc choice of couplings. 
In Sec. we go through various potential constraints 
on the model for the values of parameters necessary for 
obtaining the tt FB asymmetry and Wjj bump. Sec. |TV 
shows our estimation of the asymmetry, while Sec. |V 
shows the details of the bump feature in the dijet mass 
spectrum as predicted in our model. Our concluding re- 
flections and a brief discussion of various implications of 
the model are included in Sec. IVTl 



The flavor symmetry we propose is a subgroup of the 
U(3) 3 quark flavor symmetry of the SM: 



lju(l) tol xU(l) UR< )xU(3)«,xZ 3 , (1) 



where and ufu have charge +1 under U(l) 9Li and 
U(l)„ Ri , respectively, while dpi is a 3 of U(3)<j. Z 3 
cyclically permutes the flavor indices of qn and um 
(i = 1,2,3), but not of d^a- The lepton sector of our 
model is identical to that of the SM, and will not be 
discussed in this paper. 

In the SM, one can always go to a basis where Y u is di- 
agonal. In the limit of neglecting both Y u and Yd, the SM 
possesses the flavor symmetry . Turning on the diago- 
nal (but non-degenerate) Y u breaks the symmetry to 
its subgroup U(1)b 1 x U(1)_b 2 x U(l)s 3 x U(3)<j, where 
QLi and URi have charge +1 under 11(1)^. This sub- 
group still forbids all flavor violations. Turning on Yd 
then breaks U(l) Bl x U(l) Ba x U(l)s 3 x U(3) d down to 
the baryon number U(1)b, thus introducing flavor mix- 
ing. However, since Yd breaks (and only Yd breaks) 
U(3)rf, we can always bring Yd into the form Yd — 
V C KM<iiag(y d ,y s ,2/ 6 ), ensuring that V C km is the only 
source of flavor violation. Also, note that diag(y u , y c , yt) 
and diag(j/d, Vs, Ub) can both be taken to be positive def- 
inite, rendering Vckm the only source of CP violation. 1 

Our fundamental assumption is that this symmetry 
breaking pattern persists for new physics beyond the SM 
as well. In other words, new physics should fully re- 
spect the flavor symmetry ([T]) in the limit Y u ,Yd —> 0, 
and so Y u and Yd remain the only spurions breaking the 
symmetry ([lj. This can be thought of as a variant of 
minimal flavor violation (MFV) p~3l417j . and, in partic- 
ular, the breaking pattern \]{l) Bl x U(1)b 2 x U(1)b 3 x 
U(3)d — > U(1)b by Yd has been studied in the context 



1 We neglect the QCD vacuum angle. It is straightforward to add 
an axion to our model to solve the strong CP problem. 



of the supersymmetric SM [T5J [TU] - 2 We introduce a Z 3 
triplet of complex scalar fields, $ = ($1, $2, $3), where 
the gauge quantum number of $ is (l,2)_ 1 / 2 under 
(SU(3) c ,SU(2) l ) u(1)y representation. (t = 1,2,3) 
are singlets under U(3)d, but they are charged under 
U(1), L1 x U(1), L2 x U(l) 

* x ~ (0,0,1), $ 2 ~ (1,0,0), $3 ~ (0,1,0). (2) 

while under U(1) UR1 x U(1) UR2 x U(1) UR3 as 

$1 ~ (0, -1, 0) , $ 2 ~ (0, 0, -1) , $3 ~ (-1, 0, 0) , (3) 

Note that these charge assignments respect Z3. The tree- 
level Lagrangian reads: 

Aree = £ S M + (D^(D^) - m|$t$ 

- A (<7 L i$ 2 wr3 + 9l2*3^ri + q L3 <$>iu R2 + c.c.) 

- £ (#Vif)($V$) _ £'(#tff)($t$) (4) 

4 

The new physics is completely invariant under the fla- 
vor symmetry ([I]). Therefore, the flavor symmetry (JlJ is 
broken only by Y u and Y dl just as in the SM. Also, we 
have chosen A to be real without loss of generality, by re- 
defining the phase of No new CP phase has, therefore, 
been introduced in this model. 

The tree-level Lagrangian Q has three phenomeno- 
logically relevant parameters: to$, A, and £. Z3 dictates 
that all three components of $ have the equal mass ra$, 
and that they all couple to the SM quarks with the same 
strength A and likewise to the Higgs via £ and The 
interesting role of £ is that it splits the masses of the 
neutral (<I> ) and charged ($~) components of $ as: 

2 „2 f 2 2 2 , r 2 lr\ 

m^o = m $>eff - 4w , m $ _ = m^ cS + £v , (5) 

where v = 17 '4 GeV and m| cff = m| + £'u 2 . We choose 
m$o = 160 GeV and m$- = 220 GeV, which corresponds 
to m*, e ff = 192 GeV and £ = 0.38. We take A to be 1.4. 
This might appear too large to keep A perturbative up to 
very high scale. Fortunately, the one-loop RG equation 
for A is similar to that of the top Yukawa coupling in the 
SM and there is a quasi-fixed point near Aw 1.4. 

At loop level, counter-terms 5C must be added to the 
Lagrangian Q for renormalization. We assume that all 



2 A crucial difference between MFV and our flavor symmetry 
breaking pattern is in the spurion structure in the up-quark sec- 
tor. In MFV there are 9 complex spurions for the up-quark 
sector, that is, the 3x3 matrix Y u transforming as (3,3) un- 
der SU(3)<j L X SU(3) UR , while in our case there are only three 
real spurions, (Y u )a (i = 1,2,3) carrying the charge (1,-1) for 
U(l)g L i x U(l) URi . By assumption Yj is the only spurion which 
breaks CP or the U(l)s 1 2 3 quantum numbers. Note that the 
up-type quarks are in the mass basis at the outset and that, 
unlike in MFV, unitary rotations done on or ug are not ap- 
proximate symmetries of the Lagrangian. 



terms required to renormalize the theory are present in 
SC, at the minimal level required to avoid fine tuning. 3 
This assumption is technically natural, and may be justi- 
fied by assuming that our Lagrangian arises from a more 
fundamental theory in which Y u and Yd are the only pa- 
rameters breaking the flavor symmetry ([T]) . As an exam- 
ple of terms in 5C, renormalization requires the counter- 
terms q^iY u i^ 3 (Yddji)2 + (cyclic permutations) with a 
common coefficient ~ A/(167r 2 ) log A. So we include 
these operators in 8C with a single coefficient ~ A/ (167r 2 ). 
This also exemplifies the general principle that all gener- 
ated operators respect the flavor symmetry (JlJ, broken 
only by Y u and Yd- Moreover, since no operators are 
generated with an independent phase, renormalization 
does not require introducing new phases. The property 
that Vckm is the only source of flavor and CP violations, 
therefore, remains intact at the quantum level. 

III. CONSTRAINTS 

The property that Vckm is the only source of fla- 
vor/CP violations, and the fact that the mass scale for $° 
and $~ is similar to or larger than the top quark mass, 
imply that flavor/CP violations involving <!> is at most 
comparable to those in the SM. For example, consider 
bounds from D°-D° mixing, that is, 4-fermion operators 
with two c and two u fields that arise upon integrat- 
ing $ out. Recall that, in our flavor symmetry breaking 
pattern, the only flavor non-diagonal spurion is Yd = 
Vckm diag(y d , y s ,y b ). The flavor symmetry Q thus dic- 
tates that the simplest combination of spurions that can 
change c to u must involve the combination (Y.yJ) 12 = 
(VcKMdiag(y 2 ,y 2 ,y 2 )^ KM ) 12 ~ O(10- e ). Since this 
combination converts cl to sl, the coefficient of (ulCl) 2 

is on the order of [(Y d Fj) 12 /m$] 2 - (10 5 TeV)~ 2 multi- 
plied by certain powers of the couplings A and g and the 
loop factor l/(167r 2 ). This is safely much smaller than 
the experimental bound ~ (10 3 TeV)" 2 [2D]. For the 
(wlCr)(?2rCl) operator, the spurions (V u )22 ~ 10~ 2 and 
(Y u )n ~ 10~ 5 have to be further inserted to convert Cl 
to cr and ul to ur , respectively, rendering the coefficient 
of the operator way below the bound ~ (10 4 TeV) -2 |20j . 
Therefore, D°-D° mixing is not an issue at all in our 
model, thanks to the flavor symmetry. 

The most stringent flavor bounds on our model arise 
from the 4-fermion operators that are generated via the 
tree-level exchange of In the gauge basis, these are 

(qh2Un)(u R q L2 ) , (gL3CR)(c R (?L 3 ) , (?li*r)(*r9li) ■ (6) 



We have the usual "hierarchy problem" for mu and m$ as well as 
other dimension-2 operators in SC. In this paper, we simply tune 
ran and m$ and use dimensional regularization with (modified) 
minimal subtraction to obtain the natural sizes of dimension-2 
operators in SC, but it is straightforward to supersymmetrize the 
model to justify this. 
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The first and second operators can contribute to hadronic 
b decays. In the mass basis, they contain 

V£Vci(bLUR)(u-Rd-Li) + V t lVti{b h cn)(cnd hi ) . (7) 
This comes from the tree-level exchange of $ _ , so its 



coefficient is X 2 /r 



The first operator contributes 



to the charmless process b — > suu. The particle data 
book [21] specifies the total inclusive branching fraction 
of B mesons into charmed modes to be (95 ± 5)%. For 
m$- = 220 GeV and A = 1.4, the leading order spectator 
decay model gives a branching fraction for the b — > suu 
mode of 15%, which is within the 2a margin of error. CP 
constraints do not pose a problem for the new contribu- 
tion to decays. The CP phase in the new contribution to 
b — » ccs is almost the same as the phase of the standard 
model contribution. The phase of the new contribution 
to the b — > suu mode is the same as the gluonic pen- 
guin contribution, which so far, is consistent with exper- 
iments. Of greater concern is the nonstandard increase 
in the hadronic width. However the heavy quark expan- 
sion, which is needed for a theoretical computation of the 
hadronic width |22H24j . may have significant uncertainty 
for this computation [25J [26] ■ Should further experimen- 
tal tests of B decay modes exclude such a large new con- 
tribution to hadronic B decays then the $~ mass would 
have to be increased. 

The correction to the electroweak parameter aT is 
given by 



32tt 2 v 2 



2 i 2 



2Tn|_m|o m|_ 



'<i>u 



'<i>u 



(8) 



where a is to be evaluated at the weak scale. For m^o = 
160 GeV and m$- = 220 GeV, we get aT = 1.5 x 10~ 3 . 
From the particle data book [3T], for a Higgs mass of 
117(300) GeV, the T parameter is constrained to be 
T = 0.07(0.16) ± 0.08. Thus, our model is consistent 
with precision electroweak constraints without any tun- 
ing. However, the T parameter contribution gives an 
upper bound on the mass of the $ _ . 

<E> couplings to leptons are highly loop-suppressed; so 
precision lepton measurements (e.g. the muon g — 2) do 
not place constraints on our model. Since all components 
of $ are unstable even in the collider time scale, there 
are no cosmological constraints. Hence, we concentrate 
on the collider physics constraints below. 

• The total it production cross-section is not changed 
significantly. Also note that the precise value of 
the theoretical prediction is still open to debate. 
The NLO+NNL calculations quote ~ 10% uncer- 
tainty [27H30] and the resummations of threshold 
logs result in a smaller value [3TJ [33] . When com- 
pared to the SM leading order result, we find that 
da t i/dM t i, where M t i is the invariant mass of the 
ti pair, in our model slightly decreases near the 
threshold but slightly increases at higher values of 
M ti . (See Sec. [TV] for details). 



• Single top production via $ is suppressed. The 
leading single top production comes from be — > 
$^ — > W~<&\ — > W~tc, which is highly suppressed 
by the smallness of the b and c parton distribu- 
tion functions (PDFs). It is also suppressed by the 
3-body phase space if the W~ is on-shell and the 
$~ is off-shell. If the $~ is on-shell, then the W~ 
must be off-shell, becoming a 4-body process. Ei- 
ther case, it is clearly much smaller than the SM 
counterpart ud — > W + — > tb, which is only sup- 
pressed by the offshellness of the W + . 

• The CDF collaboration has searched for events 
with same-sign lepton pairs and at least one b jet, 
and found 3 such events in 2 fb _1 of data [33]) where 
they expect ~ 2 events from background. Di-top 
(tt) production can give such final states and is, 
thus, severely constrained. In our model, however, 
di-top production is extremely suppressed since in 
the limit of neglecting Yd, baryon numbers for the 
three up-type quarks are separately conserved as in 
Eq. 0. Therefore, this is not a constraint for us. 

• The top-quark width is not modified significantly. 
For rn^o = 160 GeV and A = 1.4, the total top 
width is 1.6 GeV, which is well within the experi- 
mental limit [31 [35]. 

• There is a sizeable dijet production in our model 
via $3 exchange in the s- or i-channel. For masses 
as low as 160 GeV or 220 GeV, Tevatron has large 
SM dijet backgrounds due to the gluon PDF's in- 
creasing rapidly at low parton x. Thus, there are 
no constraints from Tevatron [37]. The strongest 
bound comes from the CERN SPS collider (pp at 

= 630 GeV). The UA2 collaboration at the SPS 
has placed 90% C.L. bounds « 100 pb on a dijet res- 
onance at 160 GeV, and w 10 pb at 220 GeV [36] . 
Among our dijet channels, those from i-channel $3 
exchange give a smooth dijet mass distribution on 
top of the smooth huge SM background. So they 
could not have been picked up by the UA2 search. 
For the s-channel contributions from and $3", 



~ 56 pb for 
1.4. The latter 



$0 



we find the cross-sections to be 
and ~ 15 pb for $3 , with A = 
may appear to be in conflict with the UA2 90% 
C.L. bound. However, note that the UA2 bounds 
are for a narrow resonance such as W which can 
distinguish itself from the smooth SM dijet back- 
ground. Our <I>3~ resonance, on the other hand, is 
not narrow — its width is quite large, f=a 26 GeV 
for m$- = 220 GeV and A = 1.4, which is expected 
to be smoothed out even further once parton show- 
ering and detector effects are taken into account. 
Thus, the search optimized for a very narrow res- 
onance has a reduced sensitivity to our $3 . Fur- 
thermore, note that UA2 performed their analysis 
in the early days of QCD jet studies. Their answer 
depends crucially on the quality of the Monte Carlo 
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FIG. 1: Ati as a function of the invariant mass of the ti pair, 
M t f. We calculated A t t after demanding both the tops to be 
within r\ = ±2.0. 

and the detector simulation which are primitive by 
today's standard. They also use events with two 
exclusive jets, where jets were constructed using 
an infrared unsafe jet algorithm [35]. We believe, 
therefore, that there are considerable uncertainties 
associated with their bounds, and that it is fair to 
regard the UA2 90% C.L. bound as an order-of- 
magnitudc limit. 



IV. THE tt FORWARD-BACKWARD 
ASYMMETRY 

Neglecting the CKM mixings and non- valence partons 
in the incoming p and p, the relevant interactions for this 
are: 

£ int = -A(tt L $afa + ^l^R + cc.) . (9) 

The ti forward-backward asymmetry arises at the Teva- 
tron from the processes uu — > ti with a i-channel 
exchange, and dd — > ti with a i-channel exchange. 

A dedicated simulation including parton showering and 
detector effects is beyond the scope of this paper, partly 
due to the uncertainties in the SM prediction and the 
experimental measurement of the asymmetry. We simply 
perform our analysis at the parton level, and show that 
the asymmetry is generated with the right sign and is of 
the same order in magnitude. 

We define the asymmetry as 

N(Ay > 0) - N(Ay < 0) 
" N(Ay > 0) + N(Ay < 0) ' 1 ' 

where Ay is the rapidity difference between the t 
and i. Our ti sample was generated using Madgraph 
v4.4.48 [39]. We have imposed the following cuts on 
the pairs: |i7t|,|»7f| < 2.0, and M tf > 450 GeV. We 
find the asymmetry to be A t j ~ 0.13. Note that the 
asymmetry in our model does not depend linearly on 
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FIG. 2: Comparison of the area normalized distribution of 
o t t in the SM (in black) and in our model (in red). In both 
cases the cross-section is calculated at the leading order using 
Madgraph v4.4.48. 

cos 6 as it is assumed in Ref. [T] to extrapolate the asym- 
metry to the full 4-7T solid angle. This is because our 
asymmetry is generated by i-channel exchange of par- 
ticles similar in mass to the top quark, not from an s- 
channel heavy resonance. It should, thus, be compared 
to the value A t i ~ 0.212 ± 0.096 for the reconstructed 
Mil > 450 GeV as actually measured within the CDF 
detector coverage [2J. 

We also check the total cross section of ti production 
at tree level. It is found to be within 10% of the value as 
calculated in the SM at the leading order. Assuming the 
same /c-factor as in the case of the SM, we predict the 
total ti cross-section within theoretical uncertainties [27l - 
150] . Deviation is seen when we check the cross-section as 
a function M t ^. In Fig. [2] we have compared the tree level 
cross-section, as calculated in our model, to that in the 
SM. As shown in Fig. [2] and as reported in Refs. |40) . 
the deviation is too small to give clear signal especially 
in early LHC data. Note that we cannot make direct 
comparison to the experimental data, since higher order 
corrections may change the shape of the curve besides 
the overall cross-section. 



V. THE CDF EXCESS IN Wjj 

The relevant interactions for these processes are: 

Ant = -A(C L $"UR + S L ^M R + CC.) . (11) 

Wjj final states via an intermediate $ then dominantly 
arise at the Tevatron from the processes us — > — > 

W + uc and its charge-conjugated process. 

For A = 1.4, the Wjj signal cross-section is found to be 
2.1 pb. We use Madgraph v4 . 4 . 48 to generate the signal 
events, which are subsequently decayed, showered, and 
finally hadronized by PYTHIA v6.4 . jTj. We group the 
hadronic output of PYTHIA into "cells" of size Arj x Acj> = 
0.1 x 0.1. We sum the four momentum of all particles in 




FIG. 3: The dijet invariant mass distribution. The red curve 
is due to the resonances in our model at 160 GeV. The black 
curve shows the same for SM diboson events. Note that the 
center of the peak is shifted to 150 GeV. 



each cell and rescale the resulting three-momentum such 
as to make cells massless. Jet clustering is done using 
the CDF version of Run-II iterative cone algorithm with 
midpoint seeds, as implemented in Fast jet [32]. We do 
not perform any realistic detector simulation. 

We demand exactly one isolated lepton with > 
20 GeV and < 1.0 plus missing transverse energy 
$t > 25 GeV. The event also contains exactly two jets, 
each with Et > 30 GeV and within |Ary| < 2.5 of each 
other. The dijet invariant mass distribution is plotted in 
Fig. [3j In order to get an idea of the size of the bump 
in our model, we have also plotted SM diboson events 
(ZW ± , W + W~) that pass all our selection criteria. Note 
that the bump has all the features as seen in the data, 
including the size and the position of the peak at 145- 
150 GeV. 

The CDF has used a Gaussian profile function of nar- 
row width to fit the excess. On the contrary, a quick 
glance at the the dijet mass distribution in data suggests 
that data favors a broader peak. The dijet mass dis- 
tribution in the range 170-220 GeV is characterized by 
upward fluctuations in each bin. Under modest smear- 
ing, we find that the position and the shape of the peak 
in our signal events remain relatively unaltered and slight 
excesses are generated in higher bins. A true compari- 
son, however, can only be made after a decent detector 
simulation, which is beyond the scope of this paper. 

One might expect that we should also see a similar 
excess in Zjj sample at or around 120-160 GeV. In- 
terestingly, Zjj production via an intermediate $° dom- 
inantly arises from uc — > Z$>\ — > Zuc. This process 
is, however, suppressed because of the c PDF, leading 
to a much smaller cross-section ~ 0.3 pb, consistent 
with the absence of observation of such an excess around 
160 GeV. For the us initial state, the process must be 
us — > Z^\ — > Zus, which would lead to an excess in a 
different region (around 220 GeV). However, the cross- 
section for it is smaller (~ 0.24 pb) and the peak would 
appear even broader. 



VI. CONCLUSIONS 

The ti forward-backward asymmetry and the 3.2<r ex- 
cess in the 120-160 GeV range of the dijet mass distribu- 
tion in the Wjj sample at the Tevatron, if real, signify 
the existence of new physics at the electroweak scale. 
We constructed a simple, weakly-coupled renormalizable 
theory with one multiplet of scalar particles obeying the 

(nti U(1) 9LI x U(l)„ Ri ) x U(3) rf x Z 3 flavor symmetry, 

which ensures that the only source of flavor/CP viola- 
tions is Vckm- We showed that the model can explain 
the two anomalies in terms of a single mass and a sin- 
gle coupling constant, without conflicting with existing 
bounds. 

The flavor symmetry of the model also makes definite 
predictions on the amount of forward- backward asym- 
metries in cc and bb. The cc asymmetry arises predom- 
inantly from the uu initial state via the t-channel ex- 
change of $§, while the bb asymmetry is dominated by 
cc via exchange. Therefore, the cc asymmetry is pre- 
dicted to be comparable to the ti asymmetry, while the 
bb asymmetry is expected to be suppressed due to the 
smallncss of the c parton distribution function. 

As mentioned in Sec. [VJ we also have a Zjj production 
via us — > Z&3 — » Zjj, with smaller cross-section than 
Wjj. For the LHC with y/s = 7 TeV, the production 
cross-sections of Wjj and Zjj are 47 pb and 12 pb re- 
spectively for the 160 GeV resonances, and are 20 pb and 
8 pb respectively for the 220 GeV resonances. 

Finally, note that we get a sizeable forward-backward 
asymmetry because of 0(1) coupling of the top quark 
with scalars of masses comparable to top mass, and as a 
result, we expect to see larger t-i production cross section 
that in the SM at high values of the invariant mass of the 
t-i pairs. This would certainly be an interesting feature 
to observe at the LHC. 
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[Note added] While this manuscript was in progress, 
Refs. [4"3Tl4"7] discussing the CDF Wjj excess (but not 
the ti asymmetry) appeared in arXiv. 

[Note added 2] A week after the first version of our 
preprint appeared on arXiv, we have received Ref. [48], 
which claims that the mass has to be heavier than 
540 GeV to avoid too large a rate for B + — » K + ir°, and 
that this would make our Wjj excess signal go away. 
These claims, however, are incorrect. First, even granting 
540 GeV for the $~ mass, it is not true that the signal 
would disappear, since it comes from the production of 
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the scalar <J>° directly from SM quarks, whereas Ref. [IS] 
misunderstands that the signal is from an s-channel <I>~ 
decaying to a $° and a W~ . 

Second, the B + — > K + ir° (i.e. b — > dds) calculation of 
Ref. [35] is actually technically incorrect. The essential 
error is the misidentification of the first term of 4-fermion 
operators (Tj) as the standard QCD penguin operator 6 , 
where the latter is summed over all (active) quark flavors 
while the former is not. As a result, dangerous decays 
such as b — ¥ dds are only generated via renormalization 
group running and are small. A proper calculation an- 
alyzing B — » n + K~ (i.e. b — > uus) was recently per- 
formed by Ref. [IS], which found that the rate for this 
process is enhanced by two orders of magnitude in our 
model. 

We propose two ways to avoid this constraint while 
keeping our signals intact. The first is simply to make 
<I> - heavier by a factor of a few to suppress operators . 
This will enhance the T parameter Q but it can be tuned 
to be small by adding, for example, an electroweak-triplet 
scalar with a nonzero vacuum expectation value which 
contributes negatively to T. 

The second way, which would require no tuning, is to 
enlarge the Z3 symmetry of the flavor symmetry to 
the full permutation group S3. This amounts to the 
following. To keep track of S3 more easily, we rename 
$1,2,3 as $32,13,21, respectively, and introduce $23,31,12 
with the same gauge quantum numbers as $32,13,21 and 

the ^rii=i U(l)g Li x U(l) URi J charges in the manner ob- 
vious from the notation (e.g., $23 has charges +1 and 
— 1 under U(1), L2 and U(1) UH3 , respectively, which is the 
opposite of $32). The six $ fields form a sextet of S3, 
and thus have a common mass m$ and a <J> n -$ _ mass 



splitting parameter £ in the lagrangian @. The Yukawa 
couplings in Eq. Q has to be generalized to be S3 in- 
variant, i.e., 



£ Yukawa = A ^ Qhl $12"R2 + C.C. . (12) 

all permutations 

Then, instead of the dangerous operator (<?l2Wr)(«r<ZL2) 
(the first one of Eq. M), we generate 



(13) 



(9L2Mr)(ur9L2) + («L3«r)(«R«L3) 

3 

- (9li"r)(mr<7li) + ^2{q~LiUR)(u R q hl ) . 



i=l 



in the gauge basis. Going to the mass basis, the 2nd term 
will remain flavor-diagonal by the unitarity of V , hence 
not contributing to b — > uus, while the 1st term gives the 
^-dependent operator 



V* b V m (b L UB.)(u R d hi ) 



(14) 



Remarkably, this is much smaller than the dangerous op- 
erator in Eq. (17]), which is only suppressed by V* b V C i. 
Therefore, the o—> uus transition rate in this new model 
is suppressed by the same CKM factors as the tree level 
standard model contribution, and is sufficiently small 
even with a fairly light $ _ . The doubling of $ will in- 
crease the dijet cross-section but still within the uncer- 
tainties discussed in section |Hl] especially due to the fact 
that A in this model is smaller for the same values of the 
tt asymmetry. A detailed study of this model is under 
investigation. 



[1] T. Aaltonen et al. [CDF Collaboration], [arXiv: 1101.0034 
[hep-ex]]; 

[2] [CDF Collaboration], [CDF Note 10436]; 

[3] T. Aaltonen et al. [CDF Collaboration], Phys. Rev. Lett. 

106 (2011) 171801 [arXiv:1104.0699] [hep-ex]]. 
[4] V. M. Abazov [ DO Collaboration], Phys. Rev. Lett. 107, 

011804 (2011). 

[5] T. Aaltonen et al. [CDF Collaboration], Phys. Rev. Lett. 

101, 202001 (2008). [arXiv:0806.2472| [hep-ex]]. 
[6] G. Strieker et al., CDF note 9724 (2009). 
[7] V. M. Abazov et al. [DO Collaboration], Phys. Rev. Lett. 

100, 142002 (2008). |arXiv:0712.085l"] [ hep-ex]]. 
[8] V. M. Abazov et al. [DO Collaboration] , |arXiv: 1 107.4995 

[hep- ex] . 

[9] C. Delaunay, O. Gedalia, S. J. Lee, G. Perez, E. Ponton, 
Phys. Rev. D83, 115003 (2011). [arXiv: 1007.0243] [hep- 
ph]]. 

[10] C. Delaunay, O. Gedalia, S. J. Lee, G. Perez, E. Ponton, 

[arXiv: 1101 .2902] [hep-ph] ] . 
[11] B. Grinstein, A. L. Kagan, M. Trott and J. Zupan, 

|arXiv:1102.3374] [hep-ph], 
[12] Z. Ligeti, M. Schmaltz, G. M. Tavares, [arXiv:1103.2757| 



[hep-ph]]. 

[13] H. Georgi, Phys. Lett. B151, 57 (1985). 

[14] R. S. Chivukula, H. Georgi, Phys. Lett. B188, 99 (1987). 

[15] L. J. Hall, L. Randall, Phys. Rev. Lett. 65, 2939-2942 

(1990) . 

[16] A. J. Buras, P. Gambino, M. Gorbahn, S. Jager, 
L. Silvestrin i, Phys. Lett. B500, 161-167 (2001). hep- 
ph/0007085] . 

[17] G. D'Ambrosio, G. F. Giudice, G. Isidori, A. Strum ia, 
Nucl. Phys. B645, 155-187 (2002). |hep-ph/0207036] . 

[18] R. Barbieri, E. Bertuzzo, M. Farina, P. Lodone, D. Zhuri- 
dov, JHEP 1012, 070 (2010). arXiv:1011.0730 [hep-ph]]. 

[19] R. Barbieri, P. Lodone, D. M. Straub, |arXiv:1102.0726| 
[hep-ph]]. 

[20] G. Isidori, Y. Nir and G. Perez, An n. Rev. Nucl. Part. 

Sci. 60 (2010) 355 [arXiv:1002.0900] [hep-ph]]. 
[21] K. Nakamura et al. [Particle Data Group Collaboration], 

J. Phys. G G37, 075021 (2010). 
[22] G. Altarelli, S. Petrarca, Phys. Lett. B261, 303-310 

(1991) . 

[23] E. Bagan, P. Ball, V. M. B raun, P. Gosdzin sky, Phys. 
Lett. B342, 362-368 (1995). [hep-ph/9409440] . 



G 



Mangano, P. Nason and 
(2008) [arXiv:0804.2800 



A. Czarnecki, M. Slusarczyk, F. V. Tkachov, Phys. Rev. 

Lett. 96, 171803 (2006). [hep-ph/0511004] . 

A. Digh e, A. Kundu, S. N andi, Phys. Rev. D76, 054005 

(2007) . |arXiv:0705.4"547| [hep-ph]]. 

C. W. Bauer, N. D. Dun n, Phys. Lett. B696, 362-366 
(2011). jarXiv: 1006.16291 [hep-ph]]. 

S. Moch, P. Uw er, Phys. Rev. D78, 034003 (2008). 
|arXiv:0804.l476l [hep-ph]] . 
M. Cacciari, S. Frixione, M. L 
G. Ridolfi, JHEP 0809, 127 
[hep-ph]]. 

N. Kidonakis and R. Vogt, Phys. Rev. D 78, 074005 

(2008) [arXiv:0805.3844] [hep-ph]] . 

S. Moc h and P. Uwer, N ucl. Phys. Proc. Suppl. 183, 75 
(2008) [arXiv:0807.2"794] [hep-ph]]. 
V. Ahrens, A. Ferroglia, M. Neubert, 
L. L. Yang, JHEP 1009, 097 (2010) 
[hep-ph]]. 

V. Ahrens, A. Ferroglia, M. Neubert, B 
L. L. Yang, arXiv: 1103.0550 [hep-ph]]. 
T. Aaltonen et al. [CDF Collaboration], Phys. Rev. Lett 
102, 041801 (2009). [arXiv:0809.4903| [hep-ex]]. 
T. Aaltonen et al. [CDF Collaboration], Phys. Rev. Lett 

105, 232003 (2010) larXiv:1008.389T1 [hep-ex]]. 

V. M. Abazov et al. [DO Collab oration ], Phys. Rev. Lett 

106, 022001 (2011) jarXiv:1009.5686 [hep-ex]]. 



B. D. P ecjak, 
[arXiv:1003.5827| 



D. Pecjak, 



[36 

[37 

[38 
[39 

[40 

[41 

[42 

[43 
[44 

[45 
[46 

[47 
[48 
[49 



J. Alitti et al. [UA2 Collaboration], Nucl. Phys. B 400, 
3 (1993). 

T. Aaltonen et al. [ CDF Collaboration ], Phys. Rev. 

D79, 112002 (2009). [arXiv:0812.4036] [hep-ex]] . 

Z. Kunszt, D. E. Soper, Phys. Rev. D46, 192-221 (1992). 

J. Alwall, P. Demin, S. de Visscher, R. Frederix, M. Her- 

quet, F. Maltoni, T. Pleh n, D. L. Ra inwater et al, JHEP 

0709, 028 (2007). [arXiv: 706. 2334 [hep-ph]]. 

J. A. Aguilar-Saavedra and M. Perez- Victoria, JHEP 

1105, 034 (2011) |arXiv:1103.2765| [hep-ph]]. 

T. Sjost rand, S. Mrenna, P. Z. Skands, JHEP 0605, 026 

(2006). hep-ph/0603175]. 

M. Cac ciari, G. P. Sala m, Phys. Lett. B641, 57-61 
(2006) . |hep-ph/0512210l . 

F. Yu, |arXiv: 1 104.0243| jhep-ph] ] . 

E. J. Eichten, K. Lane and A. Martin, |arXiv:1104.0976 
[hep-ph]. 

C. Kilic and S. Thomas, |ajXiv:1104.100"2| [hep-ph] . 

X. P. Wang, Y. K . Wang, B. Xiao, J. Xu and S. h. Zhu, 

|arXiv:1104.TT6ll [hep-ph]. 

K. Cheu ng, J. Song, [arXiv:1104.1375| [hep-ph]]. 

G. Zhu, [arXiv: 1104.3227| [hep-ph]T~ 

K. Blum, Y. Hochberg, Y. Mr, [arXiv:1107.4"350] [hep- 
ph]]. 



7 



